Introduction
Among the neurocognitive impairments identified in schizophrenia, working memory impairment is considered a core deficit. [1] [2] [3] Working memory refers to the short-term storage of information in the service of ongoing cognitive tasks 4 ; information represented in working memory is available for further processing and decision making. Thus, the ability to encode, maintain, and retrieve information from working memory is crucial for a broad range of cognitive operations and everyday functioning.
To date, there is little consensus on what aspect or core component of working memory performance may be the central underlying deficit in schizophrenia. A primary deficit in the maintenance of information stored in working memory would cause impairments to worsen with longer delays between encoding and retrieval. Although some studies have found evidence in favor of this hypothesis, [5] [6] [7] differences in delay period do not explain between-study variations in working memory performance, and patients show deficits even at very short delays. 8 Thus, although maintenance deficits may exist, they do not appear to lie at the heart of the working memory impairment. Deficits at the retrieval stage, although they may exist, also appear an unlikely candidate for a primary underlying deficit because patients exhibit impaired performance in delayed match-to-sample paradigms that are designed to minimize retrieval demands. [9] [10] [11] [12] There is more robust evidence to suggest a primary impairment in the encoding stage. Patients with schizophrenia need more uninterrupted processing time to build a stable working memory representation, 10, 11, 13, 14 and encoding deficits can sometimes be reduced by longer stimulus exposure. 9, 11, 12 These findings point toward impairments in the initial perceptual and/or encoding processes that transform a fleeting perceptual representation into a more durable working memory representation.
Encoding information into visual working memory involves a sequence of steps in which sensory information is increasingly categorized and interpreted. Visual stimuli are initially held in iconic memory, a low-level precategorical memory system that contains a literal image of the just extinguished stimulus, with high capacity but rapid decay. 15 Iconic memory provides the inputs that may be transformed into working memory representations. The transfer of each item from iconic into working memory takes time 16 ; thus, slow iconic decay enables more items to be transferred and consolidated before the information is lost. Conversely, fast iconic decay would reduce the information that is available for working memory encoding.
The current study tested the hypothesis that patients with schizophrenia display an accelerated loss of information from iconic memory storage, which could explain reduced working memory capacity as well as performance benefits from longer stimulus exposure (enabling stimulus encoding from physical rather than iconic representations). Thus, working memory deficits in schizophrenic patients may reflect an encoding deficit based on an inability to work from a low-level ''snapshot'' of the sensory stimulus held in iconic memory.
Previous research in the 1970s has provided suggestive but inconclusive evidence of faster iconic decay in schizophrenia. This possibility was first raised in the context of experiments on the ''span of apprehension,'' the number of items that can be attended at once. These tasks tap into several functions, including rate of iconic decay, rate of conversion from iconic into working memory, and serial scanning. Findings that schizophrenic patients performed worse on these tasks 17 prompted further exploration of iconic decay rates. Another approach was to employ a picture integration task in which 2 slides of random lines were tachistoscopically flashed in alternation and complemented each other to yield a picture. Increasing the stimulus onset asynchrony (SOA) between the picture pairs progressively decreases recognition accuracy, reflecting the decay of the icon. Schizophrenia patients displayed decay rates equal to that of normal controls. 18 However, using stimuli of lower salience in the same procedure, another study 19 found trends toward faster decay in patients.
The most common procedure for isolating iconic memory in the basic science literature is the partial report technique. 20 An array of items is presented briefly. Shortly after its offset, a small subset of the array is cued, indicating the items to be reported. Because the participant does not know which items will be sampled prior to the cue, the percentage of correctly recalled sample items reflects the percentage of the entire array available for report at the time of cueing. If the delay between array offset and cue onset is short, healthy subjects are able to report most or all of the cued items, indicating that all or most of the items in the whole array were present in iconic memory at the time of the cue. As the cue delay increases, performance decreases, until, at long delays, only items that made the transfer into short-term memory without the benefit of cueing are recalled. Thus, the rate at which performance falls off between short and long delays reflects the rate of decay of the iconic memory.
For example, patients with Mild Cognitive Impairment (MCI) displayed faster iconic memory decay in this paradigm, and individual decay rates were associated with dementia ratings and may account for a range of mnemonic deficits. 21 The Sperling partial report technique has been used in only 1 previous experiment on schizophrenia. 22 Some patient subgroups exhibited impaired performance, but the impairment did not consist of a faster rate of decay. Instead, these patient subgroups failed to use the cue information at all, with poor performance observed at all delay intervals. This impairment may have resulted from an inability to select the relevant items, rather than a deficit in iconic storage. However, more recent research has directly tested the ability of schizophrenia patients to use spatial cues to select parts of a stimulus array for memory encoding and found no deficit. 23 Thus, factors specific to their experimental procedures may have prevented the older partial report study 22 from measuring the rate of iconic decay in some of the patients. In summary, the literature to date, some of which predates modern diagnostic criteria, does not provide a clear answer to the question of whether the rate of iconic decay is increased in schizophrenia.
The present study was designed to provide a definitive answer to this question by using a well-validated version of the partial report technique, based on the MCI study, 21 to measure the rate of iconic decay. A large number of SOAs between target array and cue onset were used to ensure coverage of each part of the decay curve. We contrasted 2 competing hypotheses. One hypothesis states that iconic memory is dysfunctional in schizophrenia, leading to a faster rate of decay but normal or nearnormal performance at short cue delays (ie, before significant iconic decay has occurred). The alternative hypothesis states that iconic memory is not the source of working memory impairment in schizophrenia; a normal iconic memory decay rate coupled with delayindependent impairment of overall task performance would support this latter hypothesis.
Methods

Participants
Thirty-seven patients meeting Diagnostic and Statistical Manual of Mental Disorders (Fourth Revision, American Psychiatric Association, 1994) criteria for schizophrenia (N = 15 paranoid, 18 undifferentiated, 1 disorganized, 2 residual) or schizoaffective disorder (N = 1) and 28 matched healthy control subjects participated in this study. Diagnosis was established using a best estimate approach in which information from a Structured Clinical Interview for DSM-IV (SCID) was combined with a review of patient medical records at a consensus diagnosis meeting chaired by 1 of the authors (J.G.). Demographic information is summarized in table 1. Groups did not differ in age (t 63 = 1.41, P > .16), parental education Iconic Decay in Schizophrenia (t 60 = 0.30, P > .7), sex, or ethnicity (v 2 P > 0.8 in both cases). However, patients had significantly fewer years of education than controls (t 63 = 3.60, P < .001).
The patients were clinically stable outpatients. At the time of testing, patients obtained a total score of 36.5 6 9.6 (mean 6 SD) on the Brief Psychiatric Rating Scale (range 21-70) and 35.2 6 18.5 on the Scale for the Assessment of Negative Symptoms (range 8-88). All patients were receiving antipsychotic medication at the time of testing; 4 were treated with first-generation antipsychotics, 30 with second-generation antipsychotics, and 3 with both. Thirteen patients additionally received mood-stabilizing medication, 8 anxiolytic, and 4 antiparkinsonian medication. One patient was also treated with a cholinesterase inhibitor. Only patients whose medication had not changed in the preceding 4 weeks were enrolled. Control participants were recruited from the community and had no Axis I or II diagnoses as established by a SCID, had no family history of psychosis, and were not taking any psychotropic medication. All participants provided informed consent for a protocol approved by the University of Maryland School of Medicine Institutional Review Board.
Neuropsychological Testing
All participants completed 6 subscales of the Wechsler Adult Intelligence Scale version 3 (WAIS-III): the information subscale, block design, arithmetic, symbol search, digit symbol, and letter number sequencing. Intelligence quotient (IQ) was estimated based on the first 4 subtests. (While the information, block design, arithmetic, and digit symbol subtests had been suggested as the combination that most fully accounted for the variance in fullscale IQ in schizophrenic patients, 24 we included symbol search instead of the digit symbol subtest for IQ estimation to reduce the role of motor speed in the estimation of processing speed.) Subjects furthermore completed the Wide Range Achievement Test version 3 (WRAT-3), the Wechsler Test for Adult Reading (WTAR), the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS), and the Wechsler Memory Scale version 3 (WMS-III) Spatial Span subtest. These tests were usually performed on a separate day to avoid fatiguing subjects. Total scores are summarized in table 1. Patients scored lower than controls on WAIS-III, WTAR, RBANS, and WMS-III Spatial Span (P < .01 in each case, independent-samples t tests).
Stimuli
The stimuli, which were presented on a cathode ray tube video display at a viewing distance of 70 cm, are illustrated in figure 1. On each trial, 6 letters were presented in black on a gray (11.09 cd/m 2 ) background for 50 ms. Each letter was chosen at random, without replacement from the set B, C, D, F, H, J, K, L, M, Q, S, T, V, X, Y. The letters subtended 0.6-1.5°horizontally and 1.4-1.7°v ertically, with a 0.3°-wide stroke. The 6 letters were equally spaced around a notional circle with a 3.51°ra-dius around the central fixation point. Cues were 0.87°3 0.34°arrows drawn in black, originating at 0.76°from the center of the screen.
Procedure
Each trial started with a black fixation cross presented at the center of the display for 1200 ms. The array of 6 letters was then presented for 50 ms. A cue pointing to 1 letter was presented at 1 of 12 SOAs: 0, 33, 67, 100, 150, 200, 250, 350, 500, 750, and 1000 ms (from letter array onset to cue onset). Subjects were instructed to verbally report the letter that had been presented in the cued location, and the experimenter entered the response using the keyboard. Responses were not restricted to the set of letters from which the stimuli were chosen. In precue trials, the cue was presented 200 ms before the onset of the letter array. In all conditions, the cue stayed on until a response was made.
The experiment consisted of 648 trials (54 at each cue SOA and 54 precue trials), administered over 3 blocks. Short breaks were provided every 20 trials, with longer breaks between blocks. Prior to the experiment, instructions were provided, including a PowerPoint presentation, followed by 1 practice block of 20 trials. Additional practice blocks were administered if needed. 
Data Analysis
The percentage of correct responses was determined for each SOA. These percentages were then transformed into the sensitivity index d# to minimize skewing and maximize normality. 25 Schizophrenia patients often exhibit lower overall levels of accuracy in cognitive tasks, and these differences make it more difficult to assess decay rates. That is, the shape of the decay curve will depend on whether overall accuracy is high or low even if the rate of decay is the same (eg, the curve will appear to be shallow if performance is already low at short delays). Thus, conventional linear analyses on the accuracy or d# values would be inappropriate. Instead, we used the approach employed in the MCI study, 21 in which the rate of memory decay was estimated with a curve-fitting procedure. Specifically, each participant's d# scores at the different SOAs were fit with a simple exponential decay function:
, where a is the asymptotic d# value, D is the difference between the d# value at an SOA of 0 ms and the asymptotic d# value, and s is the time constant for the decay process. A simplex gradient descent algorithm was used to find the set of parameters that produced the best fit (lowest root mean squared error) between the model and the observed d# values. Neither group reached asymptote within the tested range of SOAs, and this led to considerable variance in both the asymptote and the D parameter estimates. Thus, these parameters were not used in the group comparisons.
The time constant is the parameter of interest and describes the amount of time required for the memory to decay to 1/e (37%) of its current value. A larger time constant reflects a slower decay rate. Importantly, the time constant assesses decay rate independently of the overall performance level. The time constant parameter was compared between patients and healthy controls with an independent-sample t test. Overall performance was quantified as the average d# across all cue delays and was also tested with an independent-sample t test. Levene's tests determined whether t tests assumed equal or unequal variances (equal unless otherwise specified). The time constant parameter and average d# scores underwent Pearson correlation with the WAIS-III subtests and IQ estimate, the WRAT-3 and WTAR, and with WMS-III Spatial Span. Figure 2 shows d# scores as a function of the SOA between the letter array and the cue. Online supplementary figure 1 shows the raw percent correct data before transformation into d#. For both patients and control subjects, d# was highest in the precue condition and declined in a negatively accelerated manner as the SOA increased. The d# scores were lower in patients than in control subjects by an approximately equivalent amount across all SOAs, such that decay curves almost paralleled each other.
Results
When the curve-fitting procedure was applied, the goodness of fit between the observed and predicted d# values was quite high for both the patient group (average Pearson r = 0.94) and the healthy control group (r = 0.94). There was no difference between groups in the mean goodness of fit (Fisher's z transformation test for difference in correlation: z = 0.19, P > .8) or in the mean total estimate error (independent-samples t test, unequal variances: t 44 = 1.33, P > .19). Thus, the curve-fitting procedure modeled the data in the 2 groups equally well.
The mean time constant estimates and overall d# scores for the patients and control subjects are shown in figure 3 . The key finding was that the time constant did not differ between groups (t 63 = 0.93, P > .35). That is, consistent with the parallel decay curves, the rate of iconic decay was similar for patients with schizophrenia and healthy control subjects. However, overall performance was impaired in patients, leading to a significant group difference in the average d# scores across SOA (t 63 = 2.94, P = 0.005, Cohen's d = 0.75).
Iconic decay rate, as indexed by the time constant parameter, was not significantly correlated with any measure of neuropsychological performance, neither in patients nor in controls, nor with psychiatric symptom ratings. However, in patients, average d# scores correlated robustly with WRAT (R = 0.52, P = .002) and WTAR (R = 0.51, P = .002) scores. These tests are based on single-word reading performance and are thought to reflect premorbid crystallized intelligence. The information subscale of the WAIS-III is also thought to assess crystallized intelligence but did not correlate with average d# (R = 0.15, P = .4). Thus, it is more likely that the correlations with WTAR and WRAT reflect poorer reading performance in patients with low average d#. To explore this further, we excluded subjects with standardized WTAR/WRAT scores below 85 (n = 8, all patients) and repeated group comparisons of the time constant and average d#. The average d# increased from 2.27 (n = 37) to 2.4 (n = 29) in the patients and thus moved closer to the healthy control average of 2.66, although the group difference was still marginally significant (t 55 = 1.96, P = .06). Thus, differences in reading ability appear to at least partially explain the difference in overall performance. There was still no group difference in the time constant (P > .3) when the patients with low WTAR/WRAT scores were removed from the analysis.
Marginally significant correlations were also identified in the patient group between the average d# value and several WAIS-III subscales (block design: r = 0.34; digit symbol: r = 0.41; letter number sequencing: r = 0.41; P < .05 in each case), WAIS-III estimated full-scale IQ (r = 0.34, P < .05), and the WMS-III Spatial Span subtest (r = 0.35, P < .05). In healthy controls, the only significant correlation of average d# was with WAIS-III Symbol Search (r = 0.38, P < 0.05).
Discussion
The current experiment was designed to test the hypothesis that iconic memory representations decay more rapidly in schizophrenia patients. Such a finding would pinpoint a circumscribed processing deficit that could explain frequently reported reductions in working memory capacity and their alleviation by longer stimulus displays. The current findings rule out this explanation.
Although overall accuracy was reduced in the patients, similar reductions were seen at each SOA. The key finding is that performance in patients and healthy control participants deteriorated at the same rate with increasing cue delay. The longer the delay between target array and cue, the longer an iconic representation of the entire array has to survive to facilitate recall performance. The decay in recall with cue delay thus reflects the decay rate of iconic memory representations. Decay curves of patients and control participants were almost parallel and were characterized by similar time constants, indicating that patients with schizophrenia display normal temporal dynamics of these early sensory representations. The present results thus speak against faster iconic decay as an explanation for working memory impairment in schizophrenia.
Faster iconic decay has also been suggested to underlie deficits in span of apprehension tasks, where patients with schizophrenia tend to reproduce fewer items or detect fewer target items from briefly presented item arrays. 17 Performance of these tasks is thought to require scanning the array in iconic memory. The present results do not support faster iconic decay as the underlying problem and suggest that deficits in other domains are responsible. For example, schizophrenia patients exhibit slower scanning in visual search tasks that do not require memory storage, [26] [27] [28] [29] and a slowed scanning rate could at least partially explain the reduced span of apprehension performance.
Although it is difficult to interpret the absence of a significant group difference as indication of equal group performance, the data from this experiment were quite clean: The pattern of changes in d# across SOAs was very orderly in both groups, with tight 95% confidence intervals at each SOA (see figure 2) , and the data were fit extremely well with a simple exponential function. These factors indicate that measurement error was relatively low, as would be expected given the large number of trials tested at each SOA (54 per subject). Moreover, we tested a relatively large sample of patients (n = 37) and control subjects (n = 28), minimizing sampling error. Despite this, the group difference in iconic decay rates did not even approach significance. Thus, although we cannot conclude that the decay rate is completely unaffected in schizophrenia, it is unlikely that the disease produces a meaningful change in iconic decay.
We obtained a significant group difference in the average d# score, which reflects overall task performance independent of when the cue was presented. There are many possible explanations for this delay-independent impairment in patients. It may reflect impaired icon formation (rather than maintenance), such that slowed or impaired sensory processing may have reduced the number of items entering iconic storage in the first place or led to low-quality representations. Indeed, greater backward masking effects on the identification of briefly presented stimuli have been suggested to reflect greater disruption of icon formation in schizophrenia. 30 Furthermore, previous studies suggest that adjusting perceptual difficulty by increasing stimulus presentation time or facilitating sensory discrimination can reduce deficits of schizophrenia patients in working memory tasks. 9, 12, 31 The finding that even precue performance was impaired in patients supports that visual processing may have been a limiting factor across cue delays. Previous studies suggest abnormalities in magnocellular pathway functioning that are associated with impaired object recognition and reading ability. 32, 33 The observed correlations of the overall d# value with WRAT and WTAR scores suggest that reading proficiency may indeed be a performance-limiting factor for some patients, and excluding patients with WRAT/WTAR scores more than 1 SD below population average reduced the group difference. Thus, impaired processing of the letter identities, possibly based on visual processing abnormalities, could explain the lower overall d# in patients. However, the curve-fitting procedure used to quantify decay rates is independent of the overall accuracy level, so any differences in perceptibility would not have confounded the measurement of iconic decay.
Further explanations for the delay-independent impairment include deficits in sustained attention and alertness that may have caused problems allocating sufficient information processing resources to the task or patients may on random trials not have paid attention to the target array at all. Alternatively or additionally, the reduced recall accuracy across cue delays may reflect the working memory deficit typically seen in schizophrenia. Working memory encoding, maintenance, and decision processes are equally necessary at all cue delays in this paradigm, and deficits in one or more of these processes would explain the observed pattern of delay-independent performance reduction. Significant correlations of overall d# scores with WAIS subtests of processing speed, attention, and working memory confirm that patient performance was partially determined by such general ability functions.
The present results contradict previous partial report findings in schizophrenia patients, 22 where impairments consisted of certain patient subgroups (''underinclusives'' and ''middle inclusives'') not taking any advantage of the cue information at any delay. In the present study, each participant's recall performance was SOA dependent, indicating that all patients used the cue information to select and process the relevant target item. That is consistent with other recent results indicating that the ability to selectively encode portions of a stimulus array is not impaired in schizophrenia. 23 We can only speculate about possible reasons underlying the failure of some patients' to use the cue in the previous study. 22 One difference to the present procedure was that 3 out of 9 items were cued in the previous study, but only a single item was cued in the present study. This subselection may have exceeded some patients' working memory capacity to a degree that cueing still provided little benefit over whole report. In addition, given that this previous study was performed in an era marked by different diagnostic and clinical practices than modern-day psychiatry, it is likely that the different patterns of results were at least partially a result of differences in the patient populations being sampled.
In addition to demonstrating that patients were able to use the cue to direct attention to an item for further processing, the present results also demonstrate that the speed of cue processing and attention shifting was unimpaired in patients. That is, if patients had been slowed to shift attention to the cued location, this would have been equivalent to lengthening the delay between the letter array and the cue, which would have produced a rightward shift in the function relating cue delay to d#. Instead, we observed a downward shift. This is consistent with a prior study that used both psychophysical and electrophysiological measures to assess the speed with which attention shifts in schizophrenia patients and control subjects. 34 This prior study found that, with the exception of a small number of outlier patients, schizophrenia does not lead to slowed shifting of visual-spatial attention. Moreover, many studies using variants of the Posner orienting paradigm have shown that patients are able to use central arrow cues to facilitate shifts of spatial attention. The present study extends these results by showing that patients are able to use cues to direct attention within iconic memory representations. This provides converging evidence that patients with schizophrenia are able to use selective attention to facilitate performance across a range of perceptual and working memory encoding tasks.
The present study settles an old controversy 18, 19, 22 by demonstrating that iconic memory representations decay at the same rate in patients with schizophrenia as in healthy control subjects. On the basis of this finding, faster iconic decay can be excluded as a mechanism underlying working memory deficits in schizophrenia. The present results add to the recently reviewed evidence 35 that a range of cognitive mechanisms is remarkably unimpaired in schizophrenia.
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